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Surface-state conduction throughp-bonded chains

Katsuyoshi Kobayashi
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The surface-state conduction of the~111!231 surfaces of group-IV semiconductors is studied theoretically.
The conductance between the surfaces and a single tip or double tips is calculated using the Landauer formal-
ism. The calculated conductance shows strong site dependence and polarity asymmetry in the cases of the Si
and Ge surfaces. But they do not appear in the case of the diamond surface. These differences in the conduction
properties reflect the difference in the buckling of the topmost atoms of thep-bonded chain structures. The
double-tip conductance shows directional anisotropy which is reduced by the buckling.
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I. INTRODUCTION

In recent decades, the understanding of the microsc
electrical transport has remarkably progressed. The quan
mechanical transport on the submicron scales has extens
been studied in the field of mesoscopic systems1–3 and the
properties of the atomic-scale electrical conduction h
been revealed by scanning tunneling microscopy~STM!.4

Examples of the advances in recent years are the direct m
surement of the conductance through single molecules5 and
through atomic wires with simultaneously monitoring t
atomic structures.6 In these experiments, the distances b
tween probes are fixed or varied at best by one order.

If we try to investigate the electrical transport contin
ously from the macroscopic to microscopic scales, the
perimental method using microscopic multiprobes is a pro
ising tool.7–11 In these experiments, probes are contacted
parallel on the surfaces of materials and currents flow la
ally between probes. In such a configuration, the electr
conduction becomes more sensitive to the electronic state
surface regions with decreasing the probe distances. At
tremely short distances, most currents may flow through
conduction channels specific to surfaces. From this poin
is important to clarify the properties of the conductio
through surface states and we have presented theore
studies on the ballistic conduction through surface state
previous papers.12–14

In the first paper, we studied the conduction throu
Tamm surface states using a simple model and discusse
following points.12 One is the mechanism of the observati
of surface states in STM, which was an unsett
problem.15,16 Second is the conduction across steps of s
faces, where the differences between surface states and
states were clarified. Third are the conduction propertie
double-tip systems. We found also that the important fac
determining the surface-state conduction are the localiza
strength of wave functions and the bandwidths of surfa
state bands.

In the second paper, we studied the conduction thro
the Shockley surface states using ansp-hybridized chain
model.13 We solved analytically the wave functions an
showed how the localization properties of the wave functio
depend on the physical quantities determining the b
bands. We found that density of states~DOS! is more impor-
tant than group velocity in the ballistic conduction.
0163-1829/2003/68~7!/075308~10!/$20.00 68 0753
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In these studies, we used simple models in order to
the physical quantities determining the surface-state cond
tion as clearly as possible by reducing the number of par
eters. However, the surface states of real surfaces are
simple as these models. Therefore, in this paper, we study
surface-state conduction of more realistic surfaces. Am
the realistic surfaces, we choose the~111!231 surfaces of
group-IV semiconductors because they have relativ
simple structures.

The ~111! surfaces of group-IV elements are fundamen
surfaces and have extensively been studied so far. A fam
example is the Si~111!737 reconstructed surface. While th
reconstruction is the most stable structure among Si~111! sur-
faces, the surface cleaved at room temperature shows a m
stable 231 reconstruction. It is now established that t
atomic structure of the Si~111!231 surface is explained by
the p-bonded chain model proposed by Pandey.17 It is also
known that the~111!231 surfaces of other group-IV ele
ments, diamond, Ge,a-Sn also have thep-bonded chain
structure.18,19

The p-bonded chain structure is characterized by the z
zag chains in the top two layers. The zigzag chain of the
layer consisting of two atoms in a surface unit cell is buck
in the cases of the Si and Ge surfaces, but not in the cas
the diamond surface. With increasing the buckling amp
tude, the band gap in the surface-state bands increases
the atoms of the top layer are ionized by the charge tran
between them. The absence of buckling in the diamond
face is explained by the strong intraatomic Coulomb rep
sion preventing the charge transfer.20 In other picture, the
strong covalent bonding of diamond excels the energy g
of occupied surface-state bands lowered by buckling. Th
is a chemical trend in buckling strength from diamond
Ge18 including Sn.19

Up to now the atomic structures and electronic ba
structures of thep-bonded chain surfaces have extensive
been studied. But the properties of the electrical conduc
of these surfaces were scarcely known. So we study the e
trical conduction through thep-bonded chains in this pape
A main interest in this study is to clarify the differences a
similarities in the surface-state conduction among
group-IV elements. Since the buckling strongly affects t
surface states, we expect that the surface-state conducti
sensitive to the buckling strength. The method of calcu
©2003 The American Physical Society08-1
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KATSUYOSHI KOBAYASHI PHYSICAL REVIEW B 68, 075308 ~2003!
tions is shown in Sec. II. The numerical results and disc
sions are presented in Sec III.

II. METHOD OF CALCULATION

The method of numerical calculations is similar to tho
used in the previous studies of the surface-st
conduction.12–14We consider systems consisting of a surfa
and a single STM tip or double STM tips, and calculate
conductance of them using the Landauer formalism.1–3

The surfaces studied in this paper are the diamond, Si,
Ge ~111!231 surfaces in thep-bonded chain structures. Th
atomic structures of these surfaces are shown in Fig. 1.
use the atomic positions obtained by a simulation using
empirical potential for the diamond surface,21 by a low-
energy electron-diffraction experiment for the Si surface22

and by a density-functional calculation for the Ge surface23

In the cases of the Si and Ge surfaces the topmost c
atoms are buckled and there are two isomers called ch
right and chain-left structures.23 Density-functional calcula-

FIG. 1. Side views of atomic structures of the diamond~a!, Si
~b!, and Ge ~c! ~111!231 p-bonded chain surfaces. Open an
closed circles show the positions of the atoms on the same pla
Labels 1 and 2 denote the numbers of the topmost chain atoms
in this paper. While the topmost atoms of the diamond surface
not buckle, those of the Si and Ge surfaces buckle in the chain-r
and chain-left structures, respectively.
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tions show that the differences in the surface energy betw
the isomers are very small.18 A comparison of quasiparticle
calculations in theGWapproximation with experimental dat
suggests that the Si and Ge surfaces have the chain-righ
chain-left structures, respectively.24 So we assume thes
structures for the Si and Ge surfaces in this paper. In the c
of the diamond surface, the chain-right and chain-left is
mers are identical structures due to the absence of buck

The electronic states of the surfaces are expressed u
the sp3s* tight-binding method,25 in which, in addition to
the minimal ones and threep orbitals, an additionals orbital
denoted bys* is introduced in order to express accurate
the conduction bands of the bulk semiconductors in the d
mond and zinc-blende structures.

At present, it is possible to calculate the electronic sta
of these surfaces by more sophisticated methods such a
density-functional method. However, it has not yet been
tablished to calculate the electrical conductance through
face states on nanoscales by the density-functional met
There are more accurate tight-binding methods taking
count of the interactions beyond nearest neighbors. Howe
these methods are intended mainly for the bulk electro
states and the parameterizations for thep-bonded surfaces
are not known. The purpose of the present paper is no
calculate quantitatively the electrical conductance but
clarify the qualitative difference in surface-state conduct
among the group-IV semiconductor surfaces. Therefore,
enough to express qualitatively the electronic states of th
surfaces. Furthermore, we are interested in the electrical
duction on nanoscales such as the double-tip system. Th
fore, it is desirable to reduce the basis or parameters expr
ing the electronic states of the surfaces in order to calcu
the conduction of systems as large as possible. So we us
sp3s* tight-binding method in this paper.

Figure 2 shows the band structures of the diamond,
and Ge~111!231 surfaces calculated by thesp3s* method.
In the surface band calculations, we use slabs consistin
ten double layers. The atoms below the third double layer
placed in the atomic positions of the bulk crystals. The tra
fer energies between the atoms in the positions different fr
the ideal bulk ones are calculated using the law by Harriso26

where the transfer energy is inversely proportional to
square of the interatomic distance. We neglect the tran
energies between the atoms when the distances betw
them are larger than 1.2 times of the bulk bond lengths. T
satisfies the condition that the coordination numbers of
topmost chain atoms and others are three and four, res
tively. The dangling bonds on the reverse sides of the sl
are terminated with hydrogen atoms in order to remove
surface states which appear in the fundamental band g
and are localized at the reverse sides.

In the band calculations, we slightly change the tig
binding parameters and atomic positions in order to fit be
the band structures obtained by density-functional calcu
tions. In the diamond surface, the on-site energies of
outermost chain atoms are uniformly shifted by22.0 eV in
order to adjust the positions of the surface-state bands
respect to the bulk ones. In the Si surface, the on-site e
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SURFACE-STATE CONDUCTION THROUGHp-BONDED CHAINS PHYSICAL REVIEW B68, 075308 ~2003!
gies of atoms 1 and 2 are shifted by20.45 and20.8 eV,
respectively, and the buckling of the chain atoms is increa
by lifting and lowering the positions of the upper and low
atoms, respectively, by 0.08 Å perpendicular to the surfa
in order to adjust the buckling amplitude to that obtained
a recent first-principles calculation.18 In the Ge surface, the
atoms in the second layer are shifted in the@1̄21̄# direction by
0.1 Å. In the band structure of the Ge surface, the sta
localized at the reverse side of the slab are removed.

The calculated band structures reproduce the feature
the band structures obtained by the density-functional ca
lations in the local-density approximation for the C,18,20,27–29

Si,18 and Ge18,23 surfaces, and by the quasiparticle calcu
tions in the GW approximation for the Si30,31 and Ge24,32

surfaces. Though the surface band structures calculate
the sp3s* tight-binding method do not quantitatively agre
with the first-principles ones, we use them in the calculatio

FIG. 2. Band structures of the diamond~a!, Si ~b!, and Ge~c!
surfaces calculated by thesp3s* tight-binding method. The zero in
energy corresponds to the top of the bulk valence bands.
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of conductance, because as stated above we discuss the
erties of the surface-state conduction not depending on
quantitative details of the band structures. The main con
sions in this paper does not qualitatively change even if
tight-binding parameters are slightly varied.

In the surface electronic states, we do not take accoun
the surface band bending. The band-bending effect app
in various aspects of STM measurements. However, the m
interest in this paper is the conduction through surface sta
Since the wave functions of surface states are locali
within a few layers of surfaces, it can be expected that
band-bending effect is not so important in the surface-s
conduction.

The method of calculating the surface-state conducta
is described in previous papers.12–14 Since we are intereste
in the transport properties on nanoscales, we use the L
auer formalism. In the Landauer formalism, conductanceG
is given by

G5G0(
mn

Tmn , ~2.1!

whereTmn is the transmission probability from themth inci-
dent channel to thenth scattered channel.G0 is the quantized
conductance unit 2e2/h.

In the single-tip case, we calculate the transmission pr
ability from the tip to the surface. In the double-tip case,
consider the situation that the surface is connected with
electrode independent of the two tips. The chemical poten
of the first tip injecting electrons into the surface is high
than that of the surface, and that of the second tip is equa
the surface chemical potential. So a part of the electr
injected by the first tip into the surface is ejected through
second tip and the remaining electrons go out through
electrode connected with the surface. Then, we calculate
transmission probability from the first tip to the second tip
well as to the surface.

We use a single atomic chain as a model of the
Though this may not be a realistic model for STM tips, w
use it for following reasons. First, in the usual experimen
situation observing normal STM images, the transmiss
between a surface and the atom at the apex of an STM t
most important and the electronic states of the remaining
of the tip is not essential. Second, since we are intereste
the nanoscale transport in surfaces, it is desirable to ligh
the load in the numerical calculation of the tip by using a
model as simple as possible.

We assume that there is only ones orbital in each atom of
the tip. The on-site and transfer energies are fixed at the
of the valence bands of the surfaces and25 eV, respectively.
All the transfer energies between the apex atom of the
and thes, pz , s* orbitals of the surface atom connected wi
the tip are20.5 eV, wherez is the direction perpendicular to
the surface. As shown in the numerical results of the follo
ing section, this tip-surface interaction yields conductan
values corresponding to the point-contact measurem
rather than the usual STM experimental situations. In ac
measurements of the surface-state conduction, the po
contact condition may be useful because large currents
8-3
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KATSUYOSHI KOBAYASHI PHYSICAL REVIEW B 68, 075308 ~2003!
prove sensitivity. Since the point-contact condition is a
sumed, it is not necessary to take account of the ene
dependence of the tip-surface interaction which is import
in the tunneling condition because the tunneling probabi
depends exponentially on the square root of energy.

In order to calculate the transmission probability, we so
the Schro¨dinger equation on appropriate boundary con
tions. The wave function of the tip injecting electrons is e
pressed by linear combination of an incident wave an
reflected wave. The wave function of the second tip in
double-tip case has only an outgoing wave. We impose
boundary condition of outgoing waves on the surface.
particular, in order to calculate unambiguously the surfa
state conduction, we impose it on the directions paralle
the surface. For this, we define an imaginary hexahedra
gion in the surface.12–14

The size of the imaginary region is aN13N23N3 super-
cell of the unit cell, whereN1 and N2 are the numbers o
cells parallel to the surface andN3 is that perpendicular to
the surface. We impose the boundary condition of outgo
waves on the five faces of the hexahedron except for
facing the vacuum.

The outgoing waves are obtained by solving generali
eigenvalue problems of wires, where the cross section
wire is the same as that of each face of the hexahedro14

Bloch waves are usually obtained by diagonalizing the tra
fer matrix which is defined by matrices expressed by us
the on-site energies and transfer energies in the tight-bin
methods. In the present case, since the determinant o
matrix expressed by the transfer energies is zero, the tran
matrix cannot be defined. Therefore, instead of the tran
matrix, we define a generalized eigen problem and ob
the Bloch states by solving it.14 Since the determinant i
zero, there are solutions that the eigenvalue or its invers
zero. We discard them and consider only the solutions w
nonzero and finite eigenvalues. Outgoing Bloch states
selected out by calculating the group velocity. By imposi
the boundary conditions above the Schro¨dinger equation of
the tip-surface systems is reduced to a finite coupled lin
equation and the transmission probability is obtained
solving it.

III. NUMERICAL RESULT

A. Single tip

Figure 3 shows calculated conductance spectra. The
eral and vertical sizes of the imaginary hexahedral region
a 437 super cell of the 231 surface unit cell and five doubl
layers, respectively. The tip is put on the topmost chain
oms nearest to the center on the surface of the imagin
region. Solid and dotted lines show the spectra when the
is put on the chain atoms labeled by 1 and 2 in Fig.
respectively.

In the case of the diamond surface, the conductance s
tra of the tip positions on the atoms 1 and 2 are almost
same and show the one-dimensional DOS feature ha
peaks at22.4 and 3.2 V. On the other hand, the spectra
the Si and Ge surfaces depend strongly on the tip posit
This difference reflects the difference in buckling of t
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p-bonded chains. When the tip is put on the atom 1 of the
surface, conductance is large and small in the energy reg
of the occupied and unoccupied surface-state bands, res
tively. In the case of the atom 2, the dependence on pola
is reverse. The spectra of the Ge surface show features s
lar but reverse to those of the Si surface. This is because
assume the chain-right and chain-left isomer structures
the Si and Ge surfaces, respectively. In both surfaces,
conductance of the occupied states is large when the ti
put on the atom shifting to the vacuum side by buckling. T
asymmetry between the occupied and unoccupied state
the spectra of the Ge surface is larger than that of the

FIG. 3. Single-tip conductance spectra of the diamond~a!, Si
~b!, and Ge~c! surfaces. Solid and dotted lines show spectra wh
a tip is put on the topmost atoms labeled by 1 and 2 in Fig.
respectively.
8-4
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SURFACE-STATE CONDUCTION THROUGHp-BONDED CHAINS PHYSICAL REVIEW B68, 075308 ~2003!
surface. This reflects the fact that the buckling amplitude
the Ge surface is larger than that of the Si surface and
wave functions localize more on either atom of the topm
chain atoms.

The STM images of the Si and Ge surfaces were obtai
experimentally,33–35where the asymmetry of the bright spo
between the occupied and unoccupied states was clearly
served on both the surfaces. The local conductance spec
these surfaces were also measured directly by using scan
tunneling spectroscopy~STS!, but the asymmetry of polarity
is not seen in the STS spectra. This may be due to the art
of normalization. In the measured conductance spectra,
energy dependence of the transmission probability betwe
surface and a tip was larger than the energy dependenc
DOS and the structures in DOS were not clear. In orde
extract the structures in DOS, the conductance spectradI/dV
were normalized byI /V. It can be thought that this norma
ization hides the polarity asymmetry. If the transmissio
probability factor is properly extracted from the conductan
spectra, the spectra may show the polarity asymmetry.

Figure 4 shows the local DOS~LDOS! at the topmost
chain atoms of the Si surface. The LDOS is obtained fr
the band calculations shown in Sec. II. Solid and dotted li
show the surface-state and bulk-state components, res
tively, which are discriminated by using an effective dec
constantmeff of a wave function defined by

FIG. 4. The LDOS of the Si surface at the atom 1~a! and 2~b!
shown in Fig. 1. Solid and dotted lines show the surface-state
bulk-state components, respectively.
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lnS 11

1

wn~ki!
D , ~3.1!

wherewn(ki) is a delocalization factor defined by

wn~ki!5(
l 51

`

(
n

uCnln~ki!u2~ l 21!. ~3.2!

In the above,n and ki are a band index and a two
dimensional wave vector in the surface Brillouin zone,
spectively.Cnln(ki) is a coefficient of thenth atomic orbital
in a surface unit cell of thel th double layer numbered from
the outermost surface layer. The effective decay constan
bulk states calculated using a finite slab with a thickness oN
layers is not zero but;1/N. Therefore, we judge that whe
the effective decay constant is larger than 2/N, the state is a
surface state.

A comparison between the conductance spectra
LDOS shows that the conductance spectra are roughly
portional to the LDOS. It is well known that the tunnelin
conductance between an STM tip and a sample surfac
proportional to the LDOS of the sample surface.36 However,
it is not obvious whether this result holds for the surfac
state conduction also because the current paths in a sa
are different between the bulk and surface conductio
Though the LDOS of surface states is finite at surfaces, th
are cases where conductance is zero because surface
are waves not propagating perpendicular to surfaces. T
arose a question about the mechanism of the surface-
observation in STM.15,16 In order to discuss the mechanis
of the surface-state observation, we calculated the surf
state conductance in previous papers12–14 and found that the
surface-state conductance is qualitatively proportional to
LDOS if there are conduction paths that allow current
flow laterally. The present result reconfirms the results of
previous papers.

The LDOS shows asymmetry between the valence
conduction bands, which is similar to the conductance sp
tra. But the strength of the asymmetry in the LDOS
smaller than that in the conductance spectra. Though the
ure is not shown, the asymmetry in the LDOS of the G
surface is also weaker than that in the conductance spe
In the case of the diamond surface, the asymmetry is not s
in the LDOS and the LDOS’s at the two topmost chain ato
are also almost the same, which is similar to the conducta
spectra.

The surface-state conductance is higher of the order of
Si, Ge, and diamond surfaces. If the surface-state cond
tance is proportional to the LDOS, the bandwidth of surfa
states and the localization strength of wave functions at
faces are important factors determining the surface-state
ductance. In order to clarify the origin of the material depe
dence of the surface-state conductance, we first investi
the localization strength.

nd
8-5
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KATSUYOSHI KOBAYASHI PHYSICAL REVIEW B 68, 075308 ~2003!
Figure 5 shows the effective decay constantmeff defined
in Eq. ~3.1!. The effective decay constants of the occup
surface states are shown. Sincemeff is calculated using finite
slabs of ten layers, the regions wheremeff is less than abou
0.1 show the bulk states. The effective decay constant of
Ge surface is smaller than those of the diamond and Si
faces. But the effective decay constants of these surface
not much different. Though the figure is not shown, the
fective decay constants of the lowest unoccupied surf
bands show behavior similar to those of the occupied sta
Since the localization strengths of wave functions do
differ much, the difference in the surface-state conducta
can be ascribed mainly to the bandwidth factor. The ba
widths of the surface states of the Si and Ge surfaces
narrower than that of the diamond surface. Therefore,
surface-state conductances of the former are larger than
of the latter. This result is contrary to the case of the id
dangling-bond states,14 where the localization strength i
more important than the bandwidth.

The effective decay constant depends on the parallel w
vector and is large along theJ-K line. In the band structure
of the diamond surface, the occupied and unoccup
surface-state bands touch along this line and their ener
are located near the center of the bulk band gap. Thoug
the cases of the Si and Ge surfaces there is a band gap i
surface bands, the surface states along theJ-K line and lo-
cated also relatively near the center of the bulk band g
Therefore, there is a tendency that the more surface state
located near the center of the bulk band gap, the stron
their localization. This result is consistent with the argum
of the decay constant of the states in bulk band gaps in te
of the complex wave vector.37

The effective decay constants of the diamond and Si
faces are not much different. This result means that the
calization strength of the surface states of thep-bonded sur-
faces is not necessarily related with the bulk band gap
simple analysis using the nearly free-electron approxima
shows that the maximum of the decay constant per layer
one-dimensional Shockley state is proportional toEGa2,
where EG and a are a band gap and a lattice consta
respectively.37 The ratio ofEGa2 is about 6:3:2 for diamond
Si, and Ge. The decay constant of the Shockley state

FIG. 5. Effective decay constantmeff of wave functions of the
occupied surface states. Solid, broken, and dotted lines show
effective decay constants of the diamond, Si, and Ge surfaces
spectively.
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one-dimensionalsp-hybridized chain model is given by
tsp /Autsstppu for small tsp , where tss, tpp , and tsp are the
nearest-neighbor transfer energies betweens ands, p andp,
and s and p orbitals, respectively.13 In this model,EG is
proportional to tsp . So if we estimatetss and tpp by the
widths of the valence bands, the ratio oftsp /Autsstppu is also
about 6:3:2. These results mean that the localization stre
of the surface states of thep-bonded surfaces is not ex
plained by these simple models.

Actually, the localization properties of the ideal danglin
bond states of the~111! surfaces of group-IV semiconductor
are not so simple as those of these two-band models.14 It was
shown that the decay constants of the ideal dangling-b
states are expressed by linear combination of the states
the top of the valence bands and the bottom of the cond
tion bands. Though the states near the top of the vale
bands of diamond, Si, and Ge are almost the same, the s
near the bottom of the conduction bands are different.
example, in the ideal dangling-bond states at theG point in
the two-dimensional Brillouin zone, thep state at the bottom
of the conduction bands is dominant in the case of the d
mond surface.14 But, thes state is dominant in the case of th
Ge surface, and both thes andp states are indispensable
the case of the Si surface. This difference in component
reflected on the physical quantities determining the de
constants of wave functions and the localization propertie
the ideal dangling-bond states are complicated. Similarly,
decay behavior of the surface states of thep-bonded chain
surfaces is not determined by only the bulk band gaps
the interpretation of their localization strength is not simp

B. Double tips

Figure 6 shows the conductance spectra from the firs
the second tip in the double-tip system. The size of
imaginary hexahedral region is the same as the single
case. Solid and dotted lines show the conductances when
two tips are positioned parallel and perpendicular to
p-bonded chains, respectively. The first tip is put on the t
most chain atoms nearest to the center of the surface o
imaginary region. The distances from the first to the seco
tip in the parallel and perpendicular positions are three tim
the parallel lattice constant and two times the perpendic
one, respectively. The actual parallel and perpendicular
tances are 7.5 and 8.7 Å in the diamond surface, 11.5
13.3 Å in the Si surface, and 12.0 and 13.9 Å in the
surface. So the parallel and perpendicular distances ma
regarded as nearly equal. The two tips are put on the equ
lent atoms of thep-bonded chains labeled by 1 in Figs. 6~a!,
6~c!, and 6~e! and by 2 in Figs. 6~b!, 6~d!, and 6~f!.

The double-tip conductance spectra differ from the sing
tip ones. An obvious difference is that the double-tip cond
tance is almost zero outside the energy regions of
surface-state bands. The reason for this is the differenc
the contribution of bulk states. In the single-tip case bu
states as well as surface states contribute to conduction c
nels. But in the double-tip case, the transmission probab
from the first to the second tip through bulk states is ve
small. Most of the conductance is the surface-state cond

he
re-
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FIG. 6. Double-tip conduc-
tance spectra of the diamond~a!,
~b!; Si ~c!, ~d!; and Ge~e!, ~f! sur-
faces. The first and second tips a
put on an atom 1 and anothe
atom 1 in a different unit cell@~a!,
~c!, and ~e!# and on atoms 2@~b!,
~d!, and~f!#. Solid and dotted lines
show the conductances when th
distances between the two tips a
3 and 2 lattice constants in the d
rections parallel and perpendicula
to the p-bonded chain, respec
tively.
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tion in the ballistic regime. This point has been already d
cussed in a previous study of the surface-state conduc
through Tamm states.12

The difference between the single-tip and double-tip c
ductances is significant in the cases of the Si and Ge
faces. This is due to the fact that the energy regions wh
surface and bulk states overlap are large because of the o
ing of the gaps in the surface-state bands by the buckl
But the single-tip and double-tip conductances are regar
similar if the component of the transmission to bulk states
neglected in the single-tip conductance. Actually, t
surface-state components in the LDOS shown in Fig. 4
similar to the double-tip conductance spectra.

The double-tip conductance shows strong directional
isotropy. In all the surfaces there is a tendency that the c
ductance parallel to thep-bonded chain is larger than th
perpendicular one. The conductance of the diamond sur
07530
-
on

-
r-
re
en-
g.
ed
s

re

-
n-

ce

is highly anisotropic near the zero bias, showing almost o
dimensional conduction. The conduction of the Si and
surfaces is less anisotropic than the diamond case, whic
closely related with the buckling of thep-bonded chains as
discussed later.

The double-tip conductance is qualitatively explained
the Green function of the sample surface. Using the seco
order time-dependent perturbation theory Niuet al. showed
that the double-tip conductance is expressed in terms of
retarded Green function of the sample surface,38 where the
retarded Green function is given by

g~r ,r 8;E!5
V

~2p!2 (
n
E fnki

~r !fnki
* ~r 8!

E2En~ki!1 id
d2k. ~3.3!

In the above,fnki
(r ) andEn(ki) are the wave function and

the energy of a state in thenth band with a two-dimensiona
8-7
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wave vectorki parallel to the surface.V is the area of the
two-dimensional unit cell andd is a positive infinitesimal. If
the interactions between a surface and tips are constant
double-tip conductance is proportional to the square of
absolute value of the Green function as

G}ug~r1 ,r2 ;E!u2, ~3.4!

FIG. 7. Green-function spectra of the diamond~a!, Si ~b!, and
Ge~c! surfaces. The squared absolute value of the Green functio
shown. Both the two positions in the Green function are the site
atom 1 in Fig. 1. Solid and dotted lines show the spectra when
distances between the two positions are 3 and 2 lattice constan
the directions parallel and perpendicular to thep-bonded chain,
respectively. Broken line in~a! shows the spectrum when the di
tance is ten lattice constants in the parallel direction.
07530
the
e

wherer1 andr2 are the positions of the first and second ti
on the surface, respectively.

Figure 7 shows the squared absolute value of the Gr
function. The Green function is obtained from the results
the band calculations of finite slabs in the way similar to t
calculations of the LDOS. The Green-function spectra qu
tatively reproduce the double-tip conductance spectra.
asymmetry between the valence and conduction bands o
Si and Ge surfaces is seen in the Green-function spectra.
it is weaker than that in the conductance spectra, which
similar to the difference between the LDOS and the sing
tip conductance.

A Green-function spectrum for a larger distance betwe
the two tips is shown in the figure of the diamond surfa
The positions of the two tips are parallel to thep-bonded
chain. Though the heights of the peaks at the edges of
surface-state bands decrease with the distance, the spec
in the middle part of the surface-state bands does not cha
much, showing the quasi-one-dimensional conduction. T
distance dependence of the Green function varies with m
rials. Though the figures are not shown, the Green functi
of the Si and Ge surfaces decrease faster than the inver
the distance, which is expected from the behavior of tw
dimensional isotropic surface states. These results sug
the difference in dimensionality of the surface-state cond
tion between the diamond surface and the Si and Ge
faces.

Next we discuss the anisotropy in the double-tip cond
tance in details. Figure 8 shows energy spectra of the rati
the Green function perpendicular to thep-bonded chain to
the parallel one. The energy regions shown correspond to
surface-state bands. Though the ratio depends on the en
it is seen as a whole that the conduction of the diamo
surface is highly anisotropic and those of the Si and Ge s
faces are less anisotropic.

In order to clarify the origin of this difference, we discus
qualitatively the conductance anisotropy. We consider an
lipsoidal constant-energy surface as

E5
\2kx

2

2mx
1

\2ky
2

2my
, ~3.5!

wheremx andmy are effective masses of thex andy direc-
tions. An asymptotic expression of the Green function fo
large distance between two tips is given by Niuet al.38 If we
assume that the amplitudes of wave functions of surf
states at the surface are the same, the Green function fo
ellipsoidal energy surface is given by

ug~r ,u!u2}
mxmy

rAmxcos2u1mysin2u
, ~3.6!

wherer is the distance between tips andu is the angle be-
tween thex axis and the direction of the line connecting th
two tips. Furthermore, if we assume that the interactions
tween a surface and tips are independent of orbitals, the
isotropy of conductance for a fixed distance between tip
given by
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Gx

Gy
5Amy

mx
, ~3.7!

whereGx andGy are the conductances when the two tips
positioned parallel to thex and y axes, respectively. This
result means that the smaller the effective mass, the la
the conductance, which is the same tendency as the
conductivity. The surface-state bands in Fig. 2 show that
dispersions parallel to the chains are larger than the per
dicular ones, which is consistent with the result that the c
ductances parallel to the chains are larger than the per
dicular ones.

Similar results are expected on other surfaces with ani
ropy. For example, the~001! surfaces of group-IV semicon
ductors are reconstructed in the anisotropic dimer structu
The band dispersions of the surface states in the direc
parallel to the dimer row is larger than those in the perp
dicular direction. Therefore, it is expected that the cond
tance parallel to the dimer rows is larger than the perpend
lar one. The strong anisotropy of surface states appeare
the quasi-one-dimensional standing-wave formation para
to the dimer row of the Si~001! surface.39,40

Due to the almost one-dimensional conduction, the c
ductance of the diamond surface is very small when the
tips are put on the neighboring chains apart by only o
lattice constant. This makes it difficult to measure t
double-tip conductance in real experimental conditions.
such a case, the conductance may be measured by incre
the contact areas of the tips on surfaces instead of the sin
atom contact.

The strength of the conductance anisotropy decrea
with increasing the amplitude of the buckling. This res
may be explained by the wave functions of the surface st
as follows. Due to no buckling, the wave functions of t

FIG. 8. Anisotropy of the Green-function spectra. The Gre
function spectra are given by the squared absolute value of
Green function. The distances between the two positions in
Green function are 3 and 2 lattice constants in the directions par
and perpendicular to thep-bonded chain, respectively. Anisotrop
is expressed by the logarithm of the ratio of the perpendicular s
tra to the parallel ones. Solid, dotted, and broken lines show
anisotropy of the diamond, Si, and Ge surfaces, respectively.Emin

andEmax are 20.7 and 4.9 eV for the diamond surface,20.7 and
0.0 eV for the Si surface, and 0.1 and 0.8 eV for the Ge surfac
07530
e
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diamond surface extend evenly over the topmost two ato
of thep-bonded chains and there are strong conduction p
along the chains. On the other hand, the wave functions
the Si and Ge surfaces localize more at either site of
topmost two atoms due to the buckling. As a result, the w
functions are isolated along the direction parallel to t
chains as well as the perpendicular direction and the cond
tance anisotropy weakens. Since the localization strengt
either site increases with increasing the buckling, the c
ductance anisotropy also decreases with the buckling. Th
consistent with the fact that the band dispersions of the
face states of the Si and Ge surfaces are less anisotropic
those of the diamond surface.

IV. CONCLUSION

We studied theoretically the surface-state conduction
the~111!231 p-bonded chain surfaces of group-IV semico
ductors. We calculated the ballistic conductance of
single-tip and double-tip systems.

While the single-tip conductance spectra of the Si and
surfaces depend on the position of the tip on the two topm
chain atoms and show asymmetry between the occupied
unoccupied states, those of the diamond surface do not
pend on the tip position nor show asymmetry. This is due
the difference in the buckling of the chain atoms. T
surface-state conductance is qualitatively proportional to
LDOS at the chain atoms. The surface-state conductanc
larger of the order of the Si, Ge, and diamond surfaces
was found that the main factor determining these surfa
state conductance of thep-bonded surfaces is the bandwid
of the surface states rather than the localization strengt
wave functions. The localization strength of the surfa
states of thep-bonded chain surfaces is not necessarily p
portional to the bulk band gap. This is due to the fact that
properties of Shockley states are determined by bulk st
near the top of valence bands and the bottom of conduc
bands. In the cases of the group-IV semiconductor surfa
there are many bulk bands near the bulk band gaps and
surface states are not simple as the two-band models.

The double-tip conductance spectra are different fr
those of the single-tip ones because most of the conduct
in the former is the surface-state conduction. The double
conductance of thep-bonded chain surfaces shows anis
ropy reflecting the atomic structures. While the conduct
of the diamond surface is highly anisotropic and almost o
dimensional, those of the Si and Ge surfaces are less an
tropic. The origin of this difference is the buckling. Due
the buckling, the wave functions of the surface states of
Si and Ge surfaces localize more at either site of the topm
two atoms of thep-bonded chains and the conduction reco
ers the isotropy.

The double-tip conductance spectra are qualitatively
produced by the Green function of the surfaces. It was sho
using an ellipsoidal energy surface that the conductance
isotropy is given by the square root of the inverse of t
anisotropy in the effective mass. This result means that
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lighter the effective mass, the larger the conductance, wh
is similar to the bulk conduction.

In conclusion, the surface-state conduction is strongly
fluenced by the buckling of thep-bonded chains. The buck
ling induces asymmetry between the occupied and uno
pied surface states but reduces the directional anisotrop
the double-tip conductance.
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